Aims/hypothesis High plasma copeptin, a marker of vasopressin (VP) secretion, has been shown to be associated with the metabolic syndrome and development of type 2 diabetes in humans. The present study was designed to determine the long-term influence of plasma VP concentration in a rodent model prone to metabolic dysfunction. Methods Obese Zucker rats and their lean counterparts were submitted for 4 weeks to one of three protocols inducing different levels of VP. Circulating VP was either reduced by increasing the daily water intake (low-VP), or increased by a chronic i.p. infusion of VP (high-VP). The control rats had normal VP levels that depended on their own regulation of water intake and VP secretion.
Results Compared with controls with normal VP, lean rats with high-VP had a higher fasting glycaemia after 4 weeks. In obese rats, high-VP promoted hyperinsulinaemia, glucose intolerance, assessed by glucose and insulin tolerance tests, and an impaired response to a pyruvate challenge. Conversely, treatment with a selective arginine vasopressin receptor 1A (V1aR) antagonist reduced glucose intolerance. Low-VP obese rats had unchanged glucose tolerance but exhibited a drastic decrease in liver steatosis compared with control obese rats, associated with low hepatic triacylglycerol and cholesterol content, and reduced expression of hepatic lipogenic genes. These effects were independent of changes in body adiposity, and plasma sodium and osmolality did not differ among groups.
Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3496-9) contains peer-reviewed but unedited supplementary material, which is available to authorised users. 
Introduction
Although it has been known for several decades that plasma vasopressin (VP) is increased in patients with type 1 or with type 2 diabetes mellitus [1] and in animal models of diabetes [2, 3] , only recently has the VP-hydration axis emerged as a risk factor for impaired glucose homeostasis and diabetes. An increasing body of data suggests that VP may play a part in glucose homeostasis, besides its well-defined role in urine concentration and body water homeostasis. Acute VP infusion in the rat and in healthy individuals was shown to induce a transient rise in blood glucose concentration [4] [5] [6] . Ex vivo studies showed that VP stimulates gluconeogenesis and glycogenolysis through the activation of hepatic arginine VP receptor 1A (V1aR), and the release of either glucagon or insulin, depending on concomitant extracellular glucose levels, through the activation of arginine vasopressin receptor 1B (V1bR) in pancreatic islets [7] [8] [9] . Furthermore, VP stimulates adrenocorticotropin hormone release through the activation of pituitary V1bR [10, 11] . The finding that mice with deleted V1aR and/or V1bR exhibit metabolic disorders [12] [13] [14] [15] has prompted several epidemiological investigations in humans. Plasma copeptin, a stable surrogate marker for VP derived from the same preprohormone [16] , has been shown to be associated with insulin resistance, metabolic syndrome and obesity [17] . High plasma copeptin predicted future diabetes mellitus independently of known risk factors [18] . The secretion of VP and copeptin strongly depends on the level of hydration. We reported that water intake was inversely and independently associated with the risk of developing hyperglycaemia in a cohort of the general French population [19] . Additionally, VP was shown to contribute to albuminuria and to diabetes-induced nephropathy in animal models [20, 21] . Epidemiological studies in humans are consistent with these findings [21] [22] [23] .
These observations suggest that a high level of circulating VP has adverse consequences on glucose metabolism, although a causal link between a sustained high level of VP and disorders of glucose homeostasis has not been established. The present investigation was designed to evaluate the longterm impact on glucose homeostasis of various levels of circulating VP. The experiments were performed in obese Zucker rats, a genetic model of insulin resistance, and in their lean controls. VP level was altered chronically in both directions, by either VP infusion or an increase in water intake. We showed that VP impaired tolerance to a glucose load, but also induced a marked rise in plasma glucose after pyruvate administration. Blockade of V1aR reduced glucose intolerance. Unexpectedly, a reduction in plasma VP led to improvement of hepatic lipid metabolism and liver steatosis.
Methods
Animals and treatments All animal procedures were conducted in accordance with European guidelines for the care and use of laboratory animals (L 358-86/609/EEC). Male 7-weekold lean (Fa/fa) and obese (fa/fa) Zucker rats (Charles River Laboratories, l'Arbresle, France) were used. Rats of each strain were submitted for 4 weeks to one of three protocols inducing different levels of VP. Circulating VP was either reduced (low-VP) by increasing water intake (mixing the food with a water-rich agar gel, giving 3 ml water and 40 mg agar per g food [24] ) or increased (high-VP) by i.p. infusion of VP (500 ng kg
, Sigma Aldrich, St Quentin, France) by osmotic Alzet minipumps (Charles River, France). The third group had normal VP levels (norm-VP) that depended on their own regulation of water intake and VP secretion.
In a separate series of experiments, obese rats treated with the selective non-peptide V1aR antagonist SR49059 (Relcovaptan; Sanofi-Aventis, Toulouse, France, 30 mg kg −1 day −1 mixed in the food) for 4 weeks, were compared with obese untreated rats (controls). All rats were housed in individual metabolism cages (Techniplast, Louviers, France) and had free access to demineralised water. To ensure the same food intake in all groups, all rats were offered a daily amount of standard diet (A04, Safe, Augy, France) slightly less than their spontaneous intake (20 or 25 g/day to lean or obese rats, respectively).
Plasma and urinary parameters Blood samples were withdrawn from the tail tip and urine samples were collected every second week. Data from two successive 24 h urine collections were averaged for each rat. The following parameters were measured: urine and plasma osmolality (freezing point osmometer, Roebling, Berlin, Germany), urinary VP concentration (RIA as described previously [25] ), plasma concentration of sodium and potassium (flame photometer, Instrumentation Laboratory, Lexington, MA, USA), triacylglycerol and total cholesterol (automatic analyser Konelab201, ThermoElectron, Ilkirch, France) and apelin (ELISA, Phoenix Pharmaceuticals, Strasbourg, France).
Glucose and insulin tolerance and pyruvate tests After 2 and 4 weeks of treatment, glucose tolerance tests (GTTs; 1.5 g/kg, i.p.) and insulin tolerance tests (ITTs; 1 U/kg, i.p.) were performed after a 6 h fasting period. Each test was separated by two rest days. Blood samples were collected from the tail tip at the indicated times. Glucose concentrations were measured (Diagnostic Glucometer, Lifescan Laboratories, Issy-lesMoulineaux, France) and insulin and glucagon concentrations were assayed by ELISA (Mercodia, Uppsala, Sweden). A pyruvate test was performed (1 g/kg, i.p.) in another series of three groups of obese rats treated for 2 weeks as described above. The insulin resistance (IR) index and AUC were calculated (see electronic supplementary material [ESM] Methods).
Fat/lean body mass measurements Body composition was measured in live animals by nuclear magnetic resonance imaging (EchoMRI 900, Houston, TX, USA).
Analysis of hepatic gene expression Total RNA extraction, cDNA synthesis and real-time PCR were carried out to assess the expression of genes encoding V1aR (Avpr1a, alias V1aR), glucose-6-phosphatase (G6pc alias G6Pase), glycogen phosphorylase liver form (Pygl1), phosphoenolpyruvate carboxykinase (Pck1, alias Pepck), glucose transporters 1 (Scl2a1) and 2 (Scl2a2), aquaporin 9 (Aqp9), fatty acid synthase (Fasn, alias Fas), sterol regulatory element binding protein 1 (Srebf1, alias Srebp-1c) and 2 (Srebf2, alias Srebp-2c) (see ESM for further details). Data were normalised to 18S rRNA. Changes in the target genes relative to their mean expression in the norm-VP group were calculated by the 2 −ΔΔC t comparative method [26] .
Histological analysis Small pieces of liver tissue were frozen at −80°C and routinely processed for histopathological analysis. Sections of tissue, 5 μm thick, were stained with h a e m a t o x y l i n -e o s i n a n d S i r i u s R e d . S t e a t o s i s , necroinflammation as well as portal and perisinusoidal fibrosis were assessed by light microscopy.
Hepatic triacylglycerol, cholesterol and glycogen content Triacylglycerol and cholesterol liver content was determined using commercial kits (Randox Laboratories, Crumlin, UK). Liver glycogen content was determined according to Bergmeyer [27] . Briefly, 100 mg liver was homogenised in 0.2 mol/l acetate buffer and incubated in the presence of α-(1-4),(1-6)-amyloglucosidase (Roche Diagnostics, Meylan, France) for 1 h at 55°C. Glucose release was measured by enzymatic spectrophotometric assays.
Statistical analysis Data are expressed as mean±SEM. Statistical analyses were performed by one-way ANOVA with Fisher protected least significant difference post hoc test or paired Student's t test. Values of p<0.05 were considered significant. Results obtained in obese and lean strains were analysed independently.
Results
Effect of chronic VP modulation on body growth and water homeostasis in lean and obese Zucker rats To determine if VP is involved in the regulation of glucose homeostasis under insulin-sensitive and insulin-resistant conditions, we examined the effect of three different levels of circulating VP, first in Zucker lean and then in Zucker obese rats. The physiological characteristics of lean and obese rats after 2 weeks of treatment are presented in Tables 1 and 2 , respectively. Plasma and urine data after 4 weeks of treatment were not different from those measured on the second week (not shown).
All rats of each genotype grew regularly during the experiment. There was no difference in body weight among the groups. Treatments did not change the proportion of body fat in obese rats after 4 weeks of treatment (48±1, 46±1, 44 ±1% relative to body weight in low-VP, norm-VP and high-VP groups, respectively).
The chronic increase in water intake lowered urinary VP excretion in low-VP rats to about one-tenth that in control norm-VP rats in both obese and lean rats. The infusion of VP resulted in a 10-to 25-fold increase in daily urinary VP excretion in high-VP rats of both genotypes compared with norm-VP rats. These values are comparable with those observed after 24 h of dehydration in normal rats [28] . As expected, water intake and urine volume were markedly higher in low-VP than in the norm-VP group. In contrast, VP infusion did not change fluid intake, urine volume and osmolality in the high-VP group compared with the norm-VP group. This is probably due to the attenuation of anti-diuretic/anti-natriuretic arginine VP receptor 2 (V2R)-mediated effects by activation of the tubular V1aR [28] . Daily osmolar excretion was comparable in all three groups, as expected from the equivalent food intake imposed on all rats. There was no significant difference in plasma osmolality, natraemia, kaliaemia or haematocrit between the different groups.
High VP level increases fasting glycaemia and impairs glucose tolerance in lean rats Chronic high VP level resulted in a progressive rise in fasting glycaemia in lean rats (Fig. 1a) . At week 4, the glycaemic difference between high-and norm-VP groups amounted to 1.5 mmol/l paralleled by fourfold higher values of insulinaemia in the high-VP group (146±26 vs 34± 9 pmol/l, p<0.05). Consequently, the IR index was fourfold higher in the high-VP than in the norm-VP groups of rats. Glucose tolerance was significantly impaired in the high-VP group as demonstrated by the GTT results (Fig. 1b) . Low-VP level slightly decreased fasting glycaemia but it did not change the glucose response during GTT compared with the norm-VP group (Fig. 1a, b) .
High VP level aggravates disorders of glucose metabolism in obese insulin-resistant rats No differences were observed in the plasma concentrations of triacylglycerol or total cholesterol or in fasting blood glycaemia ( Table 2 , Fig. 2a ) between the differently treated groups of obese rats. However, chronic VP infusion induced a significant increase in fasting insulinaemia (674±107, 1,449±112, 1,217±65 pmol/l before, and after 2 or 4 weeks of treatment, respectively, p<0.001) (Fig. 2b) . Thus, the IR index was already 50% higher in the high-VP group than in the two other groups after 2 weeks of treatment (Fig. 2c) . At this time point, an i.p. glucose load induced a twofold higher level of glycaemia and insulinaemia response in the high-VP group compared with the other groups (Fig. 2d, e and Table 3 ). Similar results were obtained after 4 weeks of treatment (Table 3) .
To understand the effect of VP on glucose tolerance, we assessed the effect of VP on hepatic gluconeogenic capacity with a pyruvate test. The glucose excursion in the next 2 h was markedly increased by high-VP treatment, peaking with a twofold greater glycaemia than in the other groups (Fig. 2f) . Treatments did not change the mRNA abundance of genes coding for enzymes involved in gluconeogenesis and glycogenolysis or the expression of hepatic glucose transporters (see ESM Table 1 ). Obese high-VP rats exhibited a 50% higher Avpr1a mRNA abundance than the norm-VP rats (1.52±0.15 vs 1.00±0.15, p<0.01), while low-VP rats tended to show a 25% decline (0.73±0.13, non-significant). During ITT, plasma insulin levels reached significantly higher values in high-VP rats than in other rats 15 min after insulin injection (4,138 ± 130, 3,194 ± 4,047 and 2,419 ± 426 pmol/l in high-VP, norm-VP, and low-VP groups, respectively, p < 0.03) because of differences in basal values (Fig. 3b) . Despite these differences in insulinaemia, the initial fall in glycaemia was similar between groups (Fig. 3a) , suggesting a lower sensitivity to insulin in high-VP animals that was partly evidenced by calculation of the IR index. Glycaemia returned faster to baseline level in high-VP rats than in norm-VP rats, resulting in slightly lower AUC values (Table 3) . Sustained hypoglycaemia persisted in low-VP rats throughout the test, with significantly lower values of glycaemia at time points 90 and 120 min ( p < 0.01) (Fig. 3a) . These different patterns in the late portion of the ITT suggest differences in the counter-regulatory responses to insulin-induced hypoglycaemia. However, the main candidate for such counter-regulation, i.e. glucagon, showed similar changes in concentration following hypoglycaemia in all groups (Fig. 3c) . V1aR blockade partially restores glucose tolerance in obese rats To determine if V1aR are involved in the disorders of glucose metabolism in obese Zucker rats, we examined the effect of chronic V1aR antagonism. No difference in body growth or parameters of water metabolism was observed between the rats receiving V1aR-antagonist and control rats (see ESM Table 2 ). After 4 weeks of treatment, fasting blood glycaemia levels were not significantly different between the groups (5.34 ± 0.21 vs 5.16 ± 0.16 mmol/l in the V1aR-antagonist and control groups, respectively) but fasting insulinaemia was significantly lower in the V1aR-antagonist group than in the control group (643 ± 180 vs 1,526 ± 163 pmol/l, p<0.001). Consequently, the IR index was reduced to about half in the V1aR-antagonist group compared with the non-treated control group (23±7 vs 49±4, p<0.01). During the GTT, the amplitude of glycaemic response was significantly decreased by 35% in the V1aR-antagonist group compared with the control group, whereas the amplitude of insulin response was not significantly different between the groups (Fig. 4a, b) . Insulin i.p. injection induced a similar pattern of glycaemic changes in both groups (Fig. 4c) .
Low-VP protects liver tissue from steatosis in obese rats by preventing upregulation of lipogenesis Histological analysis of liver showed that high-VP and norm-VP obese rats had similar degrees and types of steatosis, characterised by mediovesicles and macrovacuoles mainly localised in the centro-and medio-lobular areas. Mild necroinflammation was observed. Neither portal nor perisinusoidal fibrosis was detected in the different groups. Interestingly, low-VP rats with high hydration had almost no steatosis after 2 weeks of treatment (Fig. 5a ).
Glucagonaemia (pmol/l) Hepatic lipid content paralleled the histological changes. Low-VP/high hydration markedly decreased triacylglycerol and cholesterol content compared with norm-VP-treated animals (Fig. 5b, c) as well as gene expression of proteins involved in lipogenesis, fatty acid synthase (FAS), sterol regulatory element binding protein 1c (SREBP-1c) and aquaporin 9 (AQP-9) (Fig. 5e-h ). Low-VP was also associated with an increase in hepatic glycogen content (Fig. 5d) .
Discussion
This work was designed to investigate the chronic effect of VP on glucose homeostasis in rats. Although for several decades the liver was known to express VP receptors, leading Morel et al [29] to choose the rat liver for cloning the first VP receptor by expression cloning more than 20 years ago, no previous study to our knowledge investigated the chronic influence of VP on liver metabolism in vivo. The present study reveals that a sustained high VP level alters glucose metabolism, increasing glycaemia in lean healthy rats, and impairing glucose tolerance in obese rats, at least partly through V1aR. The results of this study point also to a beneficial effect of low VP level and high hydration to alleviate the hepatic steatosis associated with obesity in this model.
Previous studies have evaluated the role of VP and VP receptors on glucose tolerance using VP-deficient rat or mice with inactivation of V1aR and/or V1bR. Conflicting results with arginine vasopressin (AVP)-deficient Brattleboro rats have been reported. Homozygous Brattleboro rats with diabetes insipidus (di/di) showed a decreased plasma glucose level and insulin level when compared with control Long-Evans rats [14] but presented an enhanced glucose tolerance when compared with heterozygous di/+ rats [15] . V1aR-knockout and V1bR (alias Avpr1b)-knockout mice exhibited the opposite phenotype concerning insulin sensitivity [12, 13] , but the contribution of VP to glucose metabolism seems greater through V1aR than through V1bR. Indeed, mice lacking both receptors and fed a high-fat diet displayed an impaired glucose tolerance similar to that seen in mice with only V1aR inactivation [14] . Noteworthy, these mice presented alterations in plasma volume, body weight gain and energy intake [12, 14] . These features, in addition to the complex interactions between receptor signalling and compensatory mechanisms that occur in the life-long absence of one component of the VP system, could explain the apparent discrepancy with our results.
To study the relationship between VP and glucose metabolism in vivo, we used a different approach. We modified the normal circulating VP concentration in adult rats by either a chronic infusion of VP or an increase in water intake [24] , daily food composition and consumption remaining equal between groups. The high water intake increased the daily urine volume markedly, but not enough to induce the formation of hypo-osmotic urine. Rats excreted this extra water appropriately as no sign of plasma dilution appeared, as indicated by unchanged plasma sodium concentration and haematocrit. This 'bidirectional' protocol mimicked the wide interindividual variability of the usual VP concentration and osmotic thresholds for thirst and VP secretion observed in humans [30] . To our knowledge, this is the first study assessing the role of chronic alterations in VP level on glucose metabolism. Our results show that exposure to a high VP level induces disorders in glucose metabolism as early as 2 weeks after onset of the VP treatment in both lean and obese Zucker rats. High VP induced a moderate but significant hyperglycaemic effect in lean rats. In fasted obese rats, high VP induced a marked increase in insulinaemia compared with the control group, with no difference in plasma glucose. Consistent with this observation, GTT and ITT revealed that high VP promotes glucose intolerance and accelerates recovery after insulin-induced hypoglycaemia.
Several mechanisms could account for the impaired glucose tolerance and insulin sensitivity observed during high VP conditions. One is impaired intracellular glucose metabolism due to increased gluconeogenesis and/or increased glycogenolysis as suggested by acute experiments [31, 32] , an effect probably related to V1aR activation [29] . This hypothesis is supported by higher glycaemia and increased production of glucose observed during the pyruvate challenge and the upregulation of V1aR in the liver of high-VP rats. Moreover, chronic V1aR antagonist treatment decreased fasting insulinaemia and GTT response in obese rats. This experimental observation is in line with the association reported between a common genetic variant in the human AVPR1A gene and impaired glucose homeostasis in a large population-based sample [33] .
Other VP-induced effects on glycogen metabolism could contribute to disorders of glucose metabolism. Vasoconstrictive effects of VP and the resulting decrease in hepatic blood flow could cause hypoxia-driven glycogenolysis [4] . Hepatocytes shrinkage induced by hyperosmolality has been shown to inhibit protein and glycogen synthesis [34] . Thus, although plasma osmolality was not significantly different between the groups, we cannot exclude that a mild alteration in ambient osmolality of insulin target tissues could be an additional factor contributing to glucose intolerance.
Besides insulin, glucagon is a major hormone in glucose homeostasis and plays a role in the pathogenesis of hyperglycaemia in diabetes (as reviewed by Cryer PE [35] ). Glucagon secretion could be increased by VP through activation of V1bR in pancreatic islets [7] [8] [9] , or indirectly by stimulating adrenaline (epinephrine) secretion by chromaffin cells of the adrenal medulla [36] . Crosstalk between V1aR and glucagon receptor and their signalling pathways has been described also in hepatocytes [37, 38] . However, glucagon is not likely to play a role in the disturbances of glucose metabolism observed in the present study because basal plasma glucagon concentration and glucagon response during ITT were unaltered by chronic VP treatment. In addition to glucagon, the peripheral sympatho-adrenal system plays a key role in the counter-regulatory response to hypoglycaemia. The faster recovery after insulin-induced hypoglycaemia observed in the high-VP group could be related to an alteration in catecholamine secretion, though we did not assess this point in the current study [36, 39] . Moreover, it could be related to a higher metabolic clearance of insulin as suggested by the sharper decline in insulinaemia. Indeed, it has been reported that renal insulin degradation is predominant compared with liver at high insulin concentrations [40] and that VP increases glomerular filtration rate [41, 42] .
Steatosis has often been associated with hepatic IR in the context of obesity [43] . Of note, the effects of VP on hepatic lipid accumulation and glucose tolerance are dissociated in our model. Low-VP rats did not display improved glucose tolerance compared with control obese rats but exhibited a marked decrease in hepatic steatosis with low hepatic content in triacylglycerol and cholesterol. High-VP rats displayed impairment of glucose tolerance but no aggravation of hepatic steatosis. A similar dissociation was already reported in some murine models of obesity and non-insulin dependent diabetes mellitus [44, 45] .
Previous studies on VP and lipogenesis have reported contradictory results [4, [46] [47] [48] . Assimacopoulos-Jeannet et al [48] showed that VP increased lipogenesis in isolated hepatocytes, but when concentration of lactate in the medium was increased, basal lipogenesis was increased and the stimulatory effect of VP was lost. We can speculate that lipogenesis is already maximally stimulated in obese Zucker rats, thus preventing a possible VP-induced additional effect. In contrast, a reduction in circulating VP level may decrease steatosis. The lower mRNA abundance of Fasn and Srebf1 as in the low-VP group suggests a decrease in de novo synthesis of fatty acids, although a decrease in fluxes of nonesterified fatty acids from the adipose tissue to the liver, related to a reduced vasoconstrictive effect of VP, cannot be excluded. This decrease in fatty acid availability, in addition to decreased expression of Aqp9 , the major pathway of glycerol entry in hepatocytes, is probably responsible, at least in part, for the fall in triacylglycerol content. The unaltered mRNA expression of Srebf2, the key regulator for the cholesterol biosynthesis, suggests that the decrease in cholesterol content in the low-VP group is due to an increase in cholesterol degradation rather than a decrease in synthesis.
Although the effect of high water intake on the reduction in steatosis is likely due to the reduction in VP plasma level, other hormonal changes related to increased water intake could be involved. Apelin, an adipokine with anti-obesity properties, is also a neurohypophyseal hormone, as is VP. Apelin and VP are secreted in response to opposite changes in plasma osmolality and exert opposite effects in acute regulation of water balance both centrally and at the level of the kidney [49] [50] [51] . Apelin has been shown to be involved in glucose metabolism disorders and in hepatic fibrosis [52, 53] . However, the finding of similar concentrations of circulating apelin in the different groups of the present study does not support an apelin-mediated effect. The mechanisms responsible for the low-VP/high hydration level effect on liver steatosis remain to be clarified.
In conclusion, our study is the first addressing the chronic metabolic actions of VP in vivo. The VP level was altered in two opposite directions for several weeks in two different rat models (lean and obese). The results of these experimental interventions revealed a significant influence of the VP/ hydration system not only on basal glycaemia and glucose tolerance but also on liver steatosis. They clearly support a causality link in the associations observed in epidemiological studies between high copeptin level or low water intake and the prevalence and incidence of hyperglycaemia, metabolic syndrome and type 2 diabetes. Further studies are required to elucidate the mechanisms responsible for these effects. Overall, these findings suggest that, in people who are at risk of diabetes and have an inappropriate hydration status, a moderate increase in water intake, a costless lifestyle change not exclusive of other recommendations, may help prevent or delay the onset of hyperglycaemia and subsequent diabetes, together with its renal complications. Therapeutic perspectives may include also pharmacological interventions targeted at V1aR.
